Physiological concentrations of 3,5,3'-triiodo-L-thyronine (T3) acutely increased burst-mode gating of Na+ channels in rabbit ventricular myocytes. Bursting was measured as the ratio of long events to the total number of events multiplied by 100 (%LE); a long event was defined as a set of openings or a single opening with a total duration greater than or equal to five times the control mean open time (MOT) for cell-attached patches. In the cell-attached configuration, adding either 5 or 50 nM T3 to the pipette increased the %LE. %LE had a biphasic voltage dependence and peaked at -50 mV, although the largest percentage change from control occurred between -30 and -40 mV. Neither unitary conductance nor the overall MOT was altered by T3-induced bursting. However, the MOT of openings within bursts increased, implying a kinetically distinct mode of channel gating during bursts. Long events sometimes were grouped into runs, but the more usual pattern suggested that modal shifts occurred in = 1 second. Similar behavior was observed with triiodothyroacetic acid, a T3 analogue that does not elicit protein synthesis. To investigate involvement of soluble second messengers, cell-attached recordings were made with and without T3 in the bath. Placed outside the pipette, 50 and 100 nM T3 failed to alter MOT, unitary current, or %LE. Na+ channel gating also was unaffected by patch excision and by exposing the cytoplasmic face of inside-out patches to 50 nM T3. Nevertheless, excision to the inside-out configuration with 5 nM T3 in the pipette dramatically increased the %LE and lengthened MOT. These results suggest that T3 induced Na+ channel bursting by an extranuclear mechanism that requires proximity of T3 to the extracellular face of the Na+ channel. Furthermore, T3 was not membrane permeant on the time scale of these experiments. Na+ channel bursting may contribute to the propensity for arrhythmias in hyperthyroidism and to the positive inotropic effect of acute T3 administration in the stunned and ischemic myocardium. (Circulation Research 1993;73:301-313) KEY WoRDs * thyroid hormone * triiodothyroacetic acid * sodium currents * modal gating modulation F or some time, thyroid hormone has been known to alter cardiac electrophysiological properties. Chronic hyperthyroidism shortens the action potential duration",2 and increases the whole-cell Ca 2 and K' currents.3 These effects seem to be independent of the modulation of the autonomic nervous system by hyperthyroidism.14 Thyroid hormone's action generally is thought to require protein synthesis. However, recent evidence suggests that 3,5,3'-triiodo-L-thyronine (T3) has specific cardiac membrane binding sites and can acutely influence the sarcolemmal Ca2-ATPase,5 adenylate cyclase,6 the number of -and a-adrenergic receptors,7 and 2-deoxyglucose transport.8 Studies on plasma membrane T3 receptors and the extranuclear effects of T3 were reviewed recently by Segal.9
Bursting of Cardiac Sodium Channels After Acute Exposure to 3,5,3'-Triiodo-L-thyronine Samuel C. Dudley, Jr, Clive M. Baumgarten Physiological concentrations of 3,5,3'-triiodo-L-thyronine (T3) acutely increased burst-mode gating of Na+ channels in rabbit ventricular myocytes. Bursting was measured as the ratio of long events to the total number of events multiplied by 100 (%LE); a long event was defined as a set of openings or a single opening with a total duration greater than or equal to five times the control mean open time (MOT) for cell-attached patches. In the cell-attached configuration, adding either 5 or 50 nM T3 to the pipette increased the %LE. %LE had a biphasic voltage dependence and peaked at -50 mV, although the largest percentage change from control occurred between -30 and -40 mV. Neither unitary conductance nor the overall MOT was altered by T3-induced bursting. However, the MOT of openings within bursts increased, implying a kinetically distinct mode of channel gating during bursts. Long events sometimes were grouped into runs, but the more usual pattern suggested that modal shifts occurred in = 1 second. Similar behavior was observed with triiodothyroacetic acid, a T3 analogue that does not elicit protein synthesis. To investigate involvement of soluble second messengers, cell-attached recordings were made with and without T3 in the bath. Placed outside the pipette, 50 and 100 nM T3 failed to alter MOT, unitary current, or %LE. Na+ channel gating also was unaffected by patch excision and by exposing the cytoplasmic face of inside-out patches to 50 nM T3. Nevertheless, excision to the inside-out configuration with 5 nM T3 in the pipette dramatically increased the %LE and lengthened MOT. These results suggest that T3 induced Na+ channel bursting by an extranuclear mechanism that requires proximity of T3 to the extracellular face of the Na+ channel. Furthermore, T3 was not membrane permeant on the time scale of these experiments.
Na+ channel bursting may contribute to the propensity for arrhythmias in hyperthyroidism and to the positive inotropic effect of acute T3 administration in the stunned and ischemic myocardium. (Circulation Research 1993; 73:301-313) KEY WoRDs * thyroid hormone * triiodothyroacetic acid * sodium currents * modal gating modulation F or some time, thyroid hormone has been known to alter cardiac electrophysiological properties. Chronic hyperthyroidism shortens the action potential duration",2 and increases the whole-cell Ca 2 and K' currents.3 These effects seem to be independent of the modulation of the autonomic nervous system by hyperthyroidism.14 Thyroid hormone's action generally is thought to require protein synthesis. However, recent evidence suggests that 3,5,3'-triiodo-L-thyronine (T3) has specific cardiac membrane binding sites and can acutely influence the sarcolemmal Ca2-ATPase,5 adenylate cyclase,6 the number of -and a-adrenergic receptors,7 and 2-deoxyglucose transport.8 Studies on plasma membrane T3 receptors and the extranuclear effects of T3 were reviewed recently by Segal.9 In contrast to the abbreviation of action potential duration in chronic hyperthyroidism,1'2 acute exposure to T3 causes a significant prolongation of action potential duration in isolated neonatal rat myocytes.10 Studies using whole-cell voltage clamp recently revealed that 5 nM T3 increases the amplitude of the Na+ current and slows inactivation of the macroscopic current.10"11 The present experiments were undertaken to characterize the acute effects of physiological concentrations of T3 on Na+ channels at the single-channel level. We found that acute exposure to T, increased bursting and produced modal gating behavior in Na+ channels by an extranuclear mechanism. Modulation of channel gating may be a common means of Na+ channel regulation by endogenous pathways. Forskolin,12 lysophosphatidylcholine,13 a soluble diacylglycerol,'4 and two glycolytic pathway metabolites15 also alter Na+ channels by inducing prolonged openings or bursts at the single-channel level.
Na+ channel bursting may contribute to the propensity for arrhythmias in hyperthyroidism. Furthermore, elevating intracellular Na+ will slow Ca'+ efflux by Na+-Ca2' exchange and may contribute to the positive inotropic effect of acute T3 administration in the stunned16 and ischemic'7 myocardium. Materials 
Results
Effect of T3 on Na+ Channel Gating in Cell-Attached Patches Cardiac Na+ channel gating was altered by the addition of T3 to the pipette solution. Fig 1 compares typical consecutive current recordings at steps to -50 mV from cell-attached patches with or without T3 in the pipette. Panel A shows the typical unitary current and gating behavior for cardiac Na+ channels exposed to 280 mM Na+ and 2 mM Ca2 . Panel B displays sweeps recorded from a separate patch with 5 nM T3 in the pipette solution. Channels exposed to T3 typically exhibited two types of unitary events. One population of openings appeared like those in control patches, and a second population exhibited bursting (i.e., prolonged openings interrupted by brief closings). From the time of seal formation, the onset of bursting consistently was less than the time required to adjust the capacity compensation and initiate recording (i.e., <30 seconds). This modification of gating was considerably faster than the time required for appearance of the earliest DNA transcription product induced by T3,22 implying that the observed effects were independent of the hormone's nuclear effects. Once induced, bursting continued for the duration of the experiment (up to 30 minutes). Occasionally, however, channels exposed to extracellu- Open Time (ms) The percentage of long events was calculated as 100 times the ratio of long events to the total number of events. Based on analysis of variance of the effect of treatment, the percentage of long events was significantly greater than in the control condition (n=18 patches) with either 5 nM T3 (A, n=11 patches, p<0.01) or 50 nM T3 (i, n=4 patches, p<0.01) in the pipette. The effects of 5 and 50 nM T3 on the long event were statistically indistinguishable (p=O.97), indicating saturation at .5 nM. Although the largest value of the long events occurred near threshold, the largest deviations from control were at -30 to -40 mV (m). There was considerable variability in the effect of TAA, however. Therefore, only the %LE at -40 mV was significantly different from the %LE of control channels (*, p<0.05). TAA's activity implies that bursting behavior is independent of the cell's nucleus. Furthermore, unlike T3, TAA is not a stereoisomer. This suggests that the common tyrosine portion of the molecule may confer its activity but does not exclude the possibility that stereoisomers of T3 might have different effects.
There are many reports suggesting a slowly inactivating component of the cardiac macroscopic Na+ current in heart.35-37 Single-channel studies have correlated the late Na+ current with late reopenings, which come in two forms, brief background openings and bursts.19,21,25,28,30-33 Bursts contribute up to 85% of the slowly inactivating Na+ current.31 As might be expected with an increase in bursting, the decay of the ensemble current with T3 in the pipette showed a second, slow component. Fig 6A depicts a typical ensemble average of all sweeps at -30 mV from a patch exposed to T3 in the pipette (ALL). The dashed line represents the least-squares fit to a single exponential. The current decay was better described by the sum of two exponentials (solid line) with time constants of 3.7+0. 3 Role of Second Messengers in the Effect of T3 Table 1 shows the effects on the %LE of T3 added to the bath with patches in the cell-attached or inside-out configurations. All experiments were performed at -50 mV, because the greatest change in the %LE occurred at this voltage when T3 was added to the pipette. The %LE values before and after the addition of T3 to the bath for >5 minutes (5.5-11.3 minutes) were compared by paired t tests. In seven paired experiments on cellattached patches, neither 50 nor 100 nM T3 increased the %LE. The lack of an increase in the %LE at concentrations >20 times a saturating dose for T3 in the pipette implies that T3 did not permeate the membrane during the time course of our experiments. If the effect of T3 had been mediated by a soluble second messenger, the messenger should have been able to diffuse through the cytoplasm from sites of production outside the patch to channels within the patch. The failure to observe gating changes when the electrode isolated the Na+ channels in the patch implies that the effect of T3 on gating is not mediated by a soluble second messenger.
To further identify the site of action of T3, the hormone also was applied to excised inside-out patches. The %LE in seven paired experiments was indistinguishable before and after addition of 50 nM T3 to the cytoplasmic side of the Na+ channel. Contrary to some reports,20,23,24 excision alone did not increase bursting in our experiments. Our results were more consistent with those of Burnashev et al,13 who saw only rare bursts of control channels in the inside-out configuration. There was considerable variability in the %LE from patch to patch in the absence of T3, probably reflecting variable rates of bursting. Taken together, the ineffectiveness of T3 applied to the cytoplasmic face of inside-out patches and to the cell when the channels studied were isolated by the patch electrode suggests that T3 requires access to the extracellular face of the Na+ channel or to adjacent structures to modulate gating.
Patch Excision in the Presence of Pipette T3 Increases Bursting
In the absence of T3, the %LE did not increase with excision to the inside-out configuration (see Table 1 ). With T3 added to the pipette, however, excision resulted in an immediate and dramatic rise in the %LE. In Fig 7, panel A shows consecutive current recordings at -40 mV with 5 nM T3 in the pipette from a patch before and after excision. In the cell-attached mode, current recordings showed several LEs. With excision to the inside-out configuration, there was a marked increase in prolonged openings. Panels B and C show diaries of Np values per sweep for the cell-attached and inside-out configurations, respectively. As compared with channel behavior in the cell-attached configuration, patch excision to the inside-out configuration induced an increase in Np and a number of instances in which a channel was open for most of the 45-msec depolarizing period. LEs appeared similar before and after excision, and there was no evidence of rundown after excision. Fig 8 demonstrates As demonstrated in Fig 8B, the MOT of channels exposed to T3 on their extracellular face was greater for inside-out patches (A) than for cell-attached patches (-, p<0.01). The increase in MOT on excision was particularly dramatic near the threshold potential. Analysis restricted to openings within bursts showed that the arithmetic MOT increased after excision (p<0.01) as compared with the cell-attached configuration. In the inside-out configuration, the arithmetic MOT of openings within bursts was voltage dependent and ranged from 5.7±0.2 msec at -60 mV to 7.8±0.8 msec at -30 mV. The voltage dependencies of the overall MOT in both configurations were similar to those reported by Kirsch and Brown24 for rat ventricular Na+ channels, but our MOTs were consistently shorter. The difference in MOTs may represent a species-dependent variation in the response to excision. In contrast, Nilius20 found that excision of patches from guinea pig ventricle resulted in a biexponential open-time distribution. The shorter MOT was similar to the MOT in cell-attached patches and was voltage independent. The second component, present only after excision, had a longer MOT that increased linearly with depolarization. This second component ranged from 0.48 msec at -80 mV to 2.87 msec at -20 mV.
The %LE-voltage relations with 5 nM T3 in the pipette before and after excision are shown in Fig 8C. The increase in the %LE in the inside-out configuration (A) was significantly greater than that observed in the cellattached mode (m, p<0.01). For example, the %LE in the cell-attached position was 3.9+±0.9% at -60 mV before excision and 13.3 ± 1.8% after excision. The %LE-voltage relation appeared to have a similar voltage sensitivity to that in cell-attached patches, but the curve was shifted approximately 10 mV in the hyperpolarizing direction. The magnitude and direction of this shift with patch excision is consistent with other reports.24,28,38 The increase in the MOT and %LE as well as the decrease in unitary current required the presence of T3 in the pipette; neither patch excision alone nor the subsequent addition of 50 nM T3 to the cytoplasmic face of the channel altered these parameters.
Discussion
Our results showed that T3 can modulate cardiac Na+ channels by increasing the propensity for channels to enter a gating mode characterized by LEs or bursts. This action of T3 was independent of nuclear transduction. LEs were noted as soon as recording began (-30 seconds from the time of seal formation), far too rapidly to have resulted from the chain of events initiated by T3 binding to its nuclear receptor. Burst-mode gating also was stimulated by TAA, which is not a stereoisomer and is inactive at the thyroid hormone nuclear receptor.34 T3 required access to the extracellular side of the Na+ channel to bring about bursting. The transitions between the open and closed states. At more positive potentials, the rate of closing decreases, so the MOT of openings within a burst should increase monotonically. On the other hand, the inactivation rate is slow near threshold, and its contribution to the rate of channel closure is small. Therefore, the MOT of openings within a burst near threshold should not differ significantly from the MOT of control openings.
Although this theory explains the origin of bursts simply, several experimental findings suggest that the model is inadequate to explain bursting with T3. With 5 nM T3 in the pipette, the MOT of openings within bursts at -60 mV was 4.4 msec, much longer than the 0.98-msec MOT of all openings in cell-attached patches. Based on the kinetic parameters and voltage dependence for the open to closed transition obtained under the present conditions (rate constant at 0 mV, 0.10 msec; slope factor, -27.3 mV),27 failure of inactivation without a change in activation is expected to increase MOT to 1.1 msec. The observed MOT within bursts was four times this value and cannot be explained solely by a failure of inactivation. Similar arguments can be made for bursts in excised patches exposed to T3 in the pipette. Furthermore 
